O2 dissociation in Na-modified gold ultrathin layer on Cu(111) by Antonio Politanoa & Gennaro Chiarello
Gold Bulletin 
Volume 43  No 4  2010
267
O2 dissociation in Na-modiﬁed gold  
ultrathin layer on Cu(111)
Antonio Politanoa,* and Gennaro Chiarelloa,b
www.goldbulletin.org
Abstract
High-resolution electron energy loss 
spectroscopy has been used to investigate the 
catalytic properties of Na-doped Au monolayer 
grown on Cu(111). The presence of Na atoms 
allows the dissociation of oxygen molecules 
and the stabilization of atomic oxygen. The 
strong reduction of the dissociation barrier for 
O2 promoted by Na could readily favor many 
surface chemical reactions, due to the key role 
of atomic oxygen in many oxidation processes 
catalyzed by gold. 
Introduction
In recent years chemical reactions at bimetallic 
surfaces are attracting a great attention [1-13] 
for both fundamental interest and technological 
applications. Metal/metal interfaces show novel 
physical and chemical properties [4, 9, 14-16]. 
In particular, bimetallic surfaces involving gold 
[7, 17-19] are extensively investigated due to the high 
catalytic activity of  nanostructured gold systems 
[20-23].
Atomic oxygen has been demonstrated to play an 
important role in promoting a quantity of  selective 
oxidation processes on gold systems [24]. Hence, 
several papers have been devoted to understanding 
the role of  oxygen-induced reactivity of  Au-based 
catalysts [25-49] as it is mandatory to shed light 
on the nature of  the various preliminary and/or 
intermediate Au-O complexes involved in these 
reactions. It has been demonstrated that oxygen-
precovered gold ﬂat surfaces are reactive toward 
water, [32] carbon monoxide [38] carbon dioxide 
[50, 51], acetylene [52], ammonia [39], amines [53], 
methanol [52], and alcohols [54-56]. Limitations in 
the partial oxidation reactions catalyzed on gold 
surfaces [22, 23, 42, 43, 53, 57-66] are related to 
the low O
2
 dissociation rate [42]. The dissociation 
probability for O
2
 on single-crystal Au surfaces has 
been found to be extremely small [<<10–6 as reported 
in Ref. 47]. To overcome the high dissociation barrier 
[67, 68] for O
2
, different methods have been used 
for stabilizing oxygen atoms on gold (atomic O 
sources [69], thermal dissociation [70], oxygen-ion 
sputtering [71], microwave discharge [72], electron 
bombardment of  physisorbed layers of  oxygen [73, 





 [57, 59, 75, 76]).
However, it is also well known that Au can be 
activated as a catalyst [20, 46, 77-81] by depositing 
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small particles in the range of  2 to 5 nm on suitable 
oxide supports, such as titania [44, 45, 58, 82] 
and ceria [83-85]. A size effect on the efﬁciency 
of  Au nanoparticles-based catalysts exists. Larger 
deposited Au particles show lower catalytic activity. 
This could be closely associated with the charge 
density of  the surface Au atoms. The surface negative 
charge decreases with the size of  the Au clusters. 
Anionic Au atoms in the cluster have a stronger 
interaction with O
2
 than a neutral Au atom [20, 63, 
86-95]. These ﬁndings suggest that the active sites 
for oxygenation on the supported and unsupported 
Au catalysts [63, 93, 96] are Au atoms which are 
negatively charged. 
Gold thin ﬁlms deposited on Cu(111) offer the 
opportunity to study the chemical activity of  an 
unreconstructed metal/metal interface. In fact, 
due to the negligible lattice mismatch gold grows 
on Cu(111) along the [111] direction without 
surface reconstructions [97]. On other Cu single-
crystal surfaces the exchange diffusion mechanism 
of  Au adatoms is activated, while it is absent on 
the (111) surface [98]. The gold monolayer is 
characterized by three-dimensional islands [99]. 
Room temperature deposition of  Au onto Cu(111) 
gave a ﬁlm with twinned fcc structure, a reasonable 
degree of  crystallinity and clear indications of  
inter-diffusion at the interface [100]. Moreover, 
at room temperature, no AuCu alloy was 
formed [9, 12, 100, 101]. 
On the other hand, alkali-metal doping is a powerful 
tool to manipulate the physical and chemical 
properties of  surfaces and it is widely used for 
tailoring new catalysts [102-109]. For these reasons, 
the study of  alkali promotional effects on surfaces 
and interfaces continues to be one of  the main topics 
of  surface science [110-121]. 
Alkali-metal atoms form strong bonds whenever 
coadsorbed with Au clusters, with the formation 
of  alkali aurides [122-130], which are particularly 
interesting for plasmonics [122]. The intermetallic 
bond in the alkali auride series is in general highly 
polar, with a large charge transfer from the alkali 
metals to gold.
 
However, in the Na
x
Au clusters the Na-Na interaction 
is rather strong while the Na-Au bond is characterized 
by delocalized electrons exhibiting a polarized 
charge distribution with a slight negative charge on 
Au atoms [131].
 
Herein we report on high-resolution electron energy 
loss spectroscopy (HREELS) measurements on Na 
coadsorbed with Au on Cu(111). We found that both 
Au/Cu(111) and the same bimetallic surface modiﬁed 
by Na adsorption scarcely react with CO. On the 
other hand, in the Na+Au/Cu(111) a dissociative 
adsorption for O
2
 occurs. The dissociation of  oxygen 
molecules and the stabilization of  atomic oxygen 
on the surface are unusual for Au and it could 
promote many chemical reactions at the Au/Cu(111) 
interface.
Experimental
Measurements were carried out in a UHV chamber 
operating at a base pressure of  5·10-9 Pa described 
elsewhere [132-134]. The sample was a single crystal 
of  Cu(111). The surface was cleaned by repeated 
cycles of  ion sputtering and annealing at 700-800 
K. Surface cleanliness and order were checked 
using Auger electron spectroscopy (AES) and low-
energy electron diffraction (LEED) measurements, 
respectively. Gold was deposited onto the Cu(111) 
surface by evaporating from an Au wire wrapped on 
a tungsten ﬁlament. Au ﬁlms were grown at very low 
deposition rates (z0.03 ML/min). The occurrence 
of  the p(1x1)-Au LEED pattern was used as the 
calibration point of  Q
Au
=1.0 ML (the unit of  measure 
of  coverage is the monolayer, ML, deﬁned as the 
ratio between the number of  atoms of  the overlayer 
and that of  the outermost layer of  the surface). 
The existence of  Au islands is conﬁrmed by electron 
reﬂectivity measurements. 
Sodium was deposited onto the substrate by 
evaporating from a well-outgassed commercial 
getter source. The occurrence of  the (3/2x3/2)-Na 
LEED pattern was used as the calibration point of  
Q
Na
 =0.44 ML. Similar results were obtained by a 
calibration procedure using AES. A constant sticking 
coefﬁcient was assumed to obtain other desired 
Au and Na coverage. A particular care has been 
devoted to avoid contamination of  alkalis [16, 114, 
132, 135].
Oxygen and carbon monoxide exposures were 
carried out by using precision leak valves. 
HREEL experiments were performed by using 
an electron energy loss spectrometer (Delta 0.5, 
SPECS). The incident angle with respect to the 
sample normal was ﬁxed at 55.0°. The acceptance 
angle of  our spectrometer is ±0.5°. The primary 
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energy was set to 3 eV in all measurements. The 
energy resolution of  the spectrometer was degraded 
to 5 meV so as to increase the signal-to-noise ratio 
of  loss peaks. 
All depositions and measurements were made at 
room temperature, at which no trace of  AuCu alloy was 
revealed in both LEED and AES measurements. 
Results
In order to put in evidence the effects of  the adsorption 
of  a gold monolayer on the catalytic properties, 
ﬁrstly we have investigated the coadsorption of  Na 
with CO and oxygen in the absence of  gold. Results 
are reported in ﬁgure 1. 
Carbon monoxide was dosed (1 L, 1 L=1.33 10-6 
mbar·s) at room temperature on 0.20 ML of  Na 
deposited at the same temperature on Cu(111).
The shoulder at 21 meV in the HREEL spectrum of  
the Cu(111) in principle could be assigned to the 
excitation of  the S
3
 acoustic resonance [137, 138], 
which has however a large amplitude at the zone 
boundary and is localized on the second layer. Thus 
this mode should not be observed in the scattering 
regime of  these experiments. We assign this feature 
to the broad zone-center optical phonon [139, 140] 
Beside the Na-Cu vibration [141-143], which shifted 
from 19 down to 17 meV upon CO adsorption due to 
the CO-induced lengthening of  the alkali-substrate 
bond [144-147], also the Na-O vibration at 36 meV 
has been revealed [114, 148]. This is ascribed to the 
dissociative adsorption of  CO on alkali-promoted 
Cu(111) which we have recently demonstrated 
elsewhere [149]. The intensity of  the Na-O feature 
increased upon oxygen adsorption. On the other 
hand, the progressive decrease of  the intensity of  
the Na-Cu stretch is ascribed to the formation of  the 
bond between Na and O.
In ﬁgure 2 we report HREELS measurements 
for a common exposure of  1 L of  CO on Cu(111) 
(spectrum a) and 1 ML Au/Cu(111) (spectrum b). At 
room temperature, CO does not adsorb on Cu(111) 
and on a single Au layer deposited on Cu(111), as 
indicated by the absence of  CO-related vibrations in 
HREEL spectra.
In order to verify the effects of  the adsorption of  
submonolayers of  alkalis on the chemical reactivity 
of  the Au/Cu(111) bimetallic surface, 0.20 ML of  Na 
deposited on a single layer of  Au on Cu(111) were 
exposed to 1 L of  CO (Figure 2, spectrum c). No CO 
adsorption occurs, in contrast with the dissociative 
adsorption revealed in the absence of  gold (Figure 
1). Upon oxygen exposure (6 L at room temperature, 
spectrum d), two loss features appeared. A 
double-exponential background was subtracted 
from spectrum (d) and the resulting spectrum was 
ﬁtted with two Gaussian line-shapes. Fit procedure 
revealed the existence of  loss peaks at 35 and 43 
meV (inset of  Figure 2). They were assigned to the 
Na-O [120, 146, 150] vibration and the O-Au [151] 
stretching, respectively. 
The analysis of  the frequency of  the O-Au vibration 
indicates the occurrence a three-fold coordination 
of  O with respect to Au atoms [151]. 
It is worth noticing that in the absence of  gold oxygen 
adatoms could adsorb in over-surface adsorption 
sites only in the close vicinity of  alkalis, as indicated 
HREEL spectra for the clean Cu(111) substrate and for 0.20 ML 
Na/Cu(111) exposed at 300 K to CO and successively to O
2
. 
All spectra were multiplied by the same factor. (inset): HREEL 
spectra of  0.06 ML Na/Cu(111) exposed to 6 L O
2
 at room 
temperature. The presence of  subsurface O is argued from the 
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by the absence of  the O-Cu vibration at 46 meV [119, 
152]. In particular, for sufﬁciently high coverages 
of  Na, the Na-O stretch appeared at 36 meV 
(Figure 1), while for low Na coverages (Na doping) 
the oxygen adatoms are allocated in subsurface 
sites of  Cu(111) [119] (inset of  the same ﬁgure), as 
indicated by the occurrence of  the vibrational peak 
at 58 meV.
It is worth mentioning that for O/Ag(100) also 
localised d-d transitions can be observed during the 
initial stages of  surface oxidation [153].
The absence of  the Na stretching mode indicates a 
reduced ionic character of  surface chemical bonds 
involving alkali adatoms. In fact, it is quite expected 
that ionic species have a higher intensity in HREEL 
spectra [120, 154]. This is due to the agglomeration 





[122, 123] with a strong Na-Na interaction [131]. 
Hence, the weight of  stretching modes is vanishing. 
This could be taken as a ﬁngerprint of  a reduced 
ionic character of  the Na-substrate bond when Na is 
coadsorbed with Au.
It is experimentally proven that oxygen does not 
readily chemisorb on gold single crystals [155] or 
titania-supported gold clusters larger than 1 nm 
[156] either dissociatively or molecularly.
Density functional theory (DFT) calculations suggest 
that the barrier to dissociative chemisorption of  
oxygen on gold is very high and also that molecularly 
chemisorbed oxygen is not stable on clean Au(111) 
[34, 67, 157].
The lowest barrier is 0.93 eV, which occurs on steps 
[34]. It is expected that O
2
 cannot dissociate at 
low temperatures, but it may be possible on steps 
at elevated temperatures. Instead, we observed 
atomic oxygen on the Na-doped Au/Cu(111) even at 
room temperature. This means that the dissociation 
barrier for O
2
 on gold is signiﬁcantly decreased by 
Na adsorption.
 
We ascribe the enhanced dissociation probability for 
oxygen molecules even at room temperature to the 
joint presence of  Na and gold on the surface. The 
Na-derived slight negative charge of  Au atoms in the 
NaAu complex [131] is expected to play a key role in 
such a process.
The nature of  chemisorbed atomic oxygen on gold 
is important in elucidating the unique chemistry that 
has been observed over supported gold catalysts 
[22, 47, 48, 61, 62, 64, 158-163]. Hence, our ﬁnding 
deserves a particular relevance and claims for 
further experimental and theoretical work.
Conclusions
We have shown that atomic oxygen is stabilized in over-
surface sites in the Na-doped Au/Cu(111) bimetallic 
system through O
2
 dissociation. The adsorption 
of  atomic oxygen in over-surface sites at room 
temperature could be used for obtaining a negative 
doping of  the Au/Cu(111) bimetallic surface and for 
tuning its charge-density proﬁle so as to change its 
chemical, physical and catalytical properties. On the 
other hand, the Na+Au/Cu(111) surface does not 
react toward CO at room temperature, in contrast to 
Na/Cu(111).
HREEL spectra for a common CO exposure of  1 L at room 
temperature on: (a) the clean Cu(111) substrate; (b) 1 ML 
of  Au on Cu(111); (c) 0.20 ML Na/Au/Cu(111). Spectrum (d) 
reports the HREEL spectrum for the sample of  the spectrum (c) 
exposed to 6 L of  O
2
 at room temperature. The inset shows the 
ﬁt with two Gaussian line-shapes centered at 35 and 43 meV of  
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